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FOREWORD

NASA experience has indicated a need for uniform criteria for the design of space vehicles.
Accordingly, criteria are being developed in the following areas of technology:

Environment

Structures

Guidance and Control
. Chemical Propulsion

Individual components of this work will be issued as separate monographs as soon as they
are completed. This document, part of the series on Chemical Propulsion, is one such
monograph. A list of all monographs issued prior to this one can be found on the final pages
of this document.

These monographs are to be regarded as guides to design and not as NASA requirements,
except as may be specified in formal project specifications. It is expected, however, that
these documents, revised as experience may indicate to be desirable, eventually will provide
uniform design practices for NASA space vehicles.

This monograph, “Solid Rocket Thrust Vector Control,” was prepared under the direction
of Howard W. Douglass, Chief, Design Criteria Office, Lewis Research Center; project
management was by M. Murray Bailey. The monograph was written by Robert F. H.
Woodberry and Richard J. Zeamer of Hercules, Inc., and was edited by Russell B. Keller, Jr.
of Lewis. To assure technical accuracy of this document, scientists and engineers throughout
the technical community participated in interviews, consultations, and critical review of the
text. In particular, Thomas S. Clark of United Technology Center, Division of United
Aircraft Corporation; Lionel H. Erickson of Thiokol Chemical Corporation; Myron Morgan
of Aerojet Solid Propulsion Company; and James J. Pelouch, Jr. of the Lewis Research
Center reviewed the monograph in detail.

Comments concerning the technical content of this monograph will be welcomed by the
National Aeronautics and Space Administration, Lewis Research Center (Design Criteria
Office), Cleveland, Ohio 44135,

December 1974



For sale by the National Technical Information Service
Springfield, Virginia 22161
Price — $7.00



GUIDE TO THE USE OF THIS MONOGRAPH

The purpose of this monograph is to organize and present, for effective use in design, the
significant experience and knowledge accumulated in development and operational
programs to date. It reviews and assesses current design practices, and from them establishes
firm guidance for achieving greater consistency in design, increased reliability in the end
product, and greater efficiency in the design effort. The monograph is organized into two
major sections that are preceded by a brief introduction and complemented by a set of
references.

The State of the Art, section 2, reviews and discusses the total design problem, and
identifies which design elements are involved in successful design. It describes succinctly the
current technology pertaining to these elements. When detailed information is required, the
best available references are cited. This section serves as a survey of the subject that provides
background material and prepares a proper technological base for the Design Criteria and
Recommended Practices.

‘The Design Criteria, shown in italics in section 3, state clearly and briefly what rule, guide,
limitation, or standard must be imposed on each eséentia/l,»‘design element to assure
successful design. The Design Criteria can serve effectively as a checklist of rules for the
project manager to use in guiding a design or in assessing its adequacy.

The Recommended Practices, also in section 3, state how to satisfy each of the criteria.
Whenever possible, the best procedure is described; when this cannot be done concisely,
appropriate references are provided. The Recommended Practices, in conjunction with the
Design Criteria, provide positive guidance to the practicing designer on how to achieve
successful design.

Both sections have been organized into decimally numbered subsections so that the subjects
within similarly numbered subsections correspond from section to section. The format for
the Contents displays this continuity of subject in such a way that a particular aspect of
design can be followed through both sections as a discrete subject.

The design criteria monograph is not intended to be a design handbook, a set of
specifications, or a design manual. It is a summary and a systematic ordering of the large and
loosely organized body of existing successful design techniques and practices. Its value and
its merit should be judged on how effectively it makes that material available to and useful
to the designer.
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| SOLID ROCKET
THRUST VECTOR CONTROL

1. INTRODUCTION

Most vehicles used for launching spacecraft require some guidance or steering to ensure that
the required flight trajectory will be achieved. In addition, steering is needed to compensate
for flight disturbances (e.g., winds) and for vehicle imperfections (e.g., misalignment of
thrust and center of gravity). To provide this steering, solid propellant rocket vehicles are
equipped with a thrust vector control system. Both mechanical and aerodynamic techniques
have been used to redirect the motor thrust and provide the required steering forces. This
monograph is limited to treatment of thrust vector control systems that superimpose a side
force on the motor thrust, steering being achieved by the side force causing a moment about
the vehicle center of gravity. A brief review of thrust vector control systems is presented,
and two systems, flexible joint and liquid injection, are treated in detail. These two systems
were selected because they are in use on a number of operational vehicles and they are most
likely to be used in future aerospace vehicles. The choice between these two systems
depends upon the particular vehicle performance requirements, system weights, cost,
reliability, development risk, and envelope constraints. However, it is possible that a control
system different from the selected systems could result in an optimum vehicle performance
within the restrictions imposed for particular types of missions. Sufficient references are
presented to allow investigation in detail of control systems other than the two selected.

Treatment of the flexible-joint thrust vector control system is limited to the design of the
flexible joint and its insulation against hot motor gases; no evaluation is presented of the
movable nozzle, the actuation system, or the means for attachment of the flexible joint to
the movable nozzle and the fixed structure. Treatment of the liquid-injection thrust vector
control system is limited to discussion of the injectant, valves, piping, storage tanks, and
pressurization system; no evaluation is presented of the nozzle except for (1) the effect of
the injectant and erosion at the injection port and (2) the effect of injection on pressure
distribution within the nozzle.

The design technology for the two selected systems has progressed to the point where the
basic problems have been overcome and efficient and reliable systems can be designed for
any required use. Design problems with flexible joints have been associated with difficulty
in establishing the envelope for the movable nozzle; definition of the actuator power



requirements to vector the movable nozzle; definition of allowable properties for the
elastomer and the reinforcement; adhesive bonding of the elastomer to the reinforcements;
test methods that adequately simulate the motor operating conditions; and quality control
inspection of the molded joint. Design problems in liquid injection systems have been
associated with definition of the maximum steering-force duty cycle; determination of the
optimum location and geometry of the injector valves; and incompatibility of the injectant
with many of the materials used for the nozzle walls, seals, and injectant pressurization
system. Emphasis in the monograph is placed on those areas where specific technical
approaches have solved design and development problems.

The material herein is organized around the major tasks in thrust vector control:
configuration as related to motor requirements; design parameters controlling the response
;of the mechanism; material selection; system design; structural and thermal analysis;
manufacturing; testing, both nondestructive and destructive; and inspection. These tasks are
considered in the order and manner in which the designer must handle them. Within these
task areas, the critical aspects of the performance, structural, thermal, and physical
boundary requirements that the thrust vector control system must satisfy are presented.



2. STATE OF THE ART

The vehicle fllght control system must perform two functions: fly the vehicle along a
commanded trajectory, and maintain vehicle flight stability in the atmosphere. Vehicles
without aerodynamic stabilizing fins normally are unstable, and those with fins may be only
marginally stable. Disturbances that effect vehicle attitude and stability include atmospheric
winds; motor thrust misalignments due to fabrication tolerances and thrust-vector-
control-system offsets such as those that occur with flexible joints; shifts of vehicle center
of gravity; and unbalanced forces during launch and staging. It is desirable that these
disturbances be corrected with proper timing and amplitude so that control energy
requirements, structural loads, and aerodynamic heating are minimized. Control
requirements are a function of interrrelated effects of disturbances, the trajectory required,
and the vehicle aerodynamic and structural dynamics. The determination of flight-control
requirements and the design of the control system are two of the most complex problems in
the development of a space vehicle system.

The control system causes a side force to be applied to the vehicle at some distance from the
vehicle center of gravity, resulting in a control moment and a change in the vehicle attiude.
A number of force-producing mechanisms have been employed or considered as means to
provide attitude and trajectory control of aerospace vehicles. The available systems
considered in this monograph are divided into two main groups: movable-nozzle systems,
and fixed-nozzle systems. A classification of the different force-producing systems
associated with movable and fixed nozzles is shown in figure 1. Other sytems have been
used, and still others have been evaluated to determine feasibility. Systems that have been
used include jet reaction (refs. 1 to 6), movable external rocket motors (refs. 7 to 9), and
aerodynamic fins (refs. 10 and 11). Preliminary evaluations have been conducted on
movable pintles (refs. 1, 12, 13, and 14), movable plug (ref. 2), electro gas dynamic (ref.
15), and electric arc discharge (ref. 16).

The correct definition and design of the flight-control system is a complex problem
requiring tradeoff analyses between control requirements and the penalties of the control
system as they relate to vehicle performance. Factors affecting the selection of a thrust
vector control system are the control moment required, the characteristics of vehicle
response, the stability requirements during flight, reliability requirements, cost restrictions,
and the behavior of the candidate systems. Movable-nozzle systems are linear response
systems; i.e., the turning moment is almost directly proportional to the amount of nozzle
vectoring, although the power required to cause that amount of nozzle vectoring may not be
directly proportional. Fixed-nozzle systems generally are nonlinear systems; i.e., twice the
rate of injectant flow in a liquid injection system does not cause twice the turning moment.
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Thrust vector control mechanisms have been undergoinging continual change. Concepts used
in the past have been outmoded by increased severity of operational requirements and by

development of lighter, more reliable systems. The general characteristics and technology
status of the systems listed in figure 1 are presented in tables I through IV; basic design
features of major systems are shown in figures 2 through 11. The systems summarized in
tables I to IV can be divided into three categories: (1) systems that are operational, (2)
systems that have been tested in static firings, and (3) experimental systems that either have
been abandoned or require significant development.

Movable nozzles. — The movable-nozzle systems (table I) either are operational (e.g.,
rotatable nozzle and flexible joint) or have been static fired (e.g., gimbal/swivel subsonic
splitline, gimbal/integral low-subsonic splitline, supersonic splitline, and ball and socket). All
of the systems have demonstrated problems or limitations. All movable nozzle systems
require that the actuation hardware for the staging maneuvers be carried throughout the
remainder of the flight. The rotatable nozzle is limited to multinozzle motors because
movement of only one nozzle would cause pitch, yaw, and roll forces to be applied to the
vehicle; effective maneuvering of the vehicle requires movement of at least two nozzles. The
supersonic splitline and ball-and-socket type are not developed systems, and it is unlikely
that further development will be conducted since the other movable nozzle systems have
demonstrated all the advantages of these nozzles but with fewer operational and design
problems.

The fluid bearing/rolling seal (designated as TECHROLL ®) is a constant-volume,
fluid-filled bearing configured with a pair of rolling convolutes that permit omniaxis
deflection of the rocket motor nozzle. The bearing is shown in figure 8 in the neutral and
deflected positions. The fluid-filled bearing is pressurized by nozzle ejection loads and serves
as both the movable nozzle bearing and nozzle seal. The seal is fabricated from a
fabric-reinforced elastomeric composite material that does not require complex
manufacturing processes or tight tolerances. The most significant advantage of this bearing is’
that the actuation torques are lower than those of any other thrust vector control system.
The most significant disadvantages of the bearing are that it has a low rotational stiffness
about the nozzle axis in the unpressurized condition, the pivot-point location is limited, and
the low lateral stiffness results in larger offset torques than those occurring with a flexible
joint. The rotational stiffness is important for upper stages only when vibrational problems
could occur during lower-stage motor operation. To overcome the limits on pivot-point
location, it has been proposed that the rolling convolutes be oriented on a cone; however,
this design will increase the actuation torque. The larger offset torque must be allowed for
when defining nozzle vectoring angle requirements. A 24-in. (60.96 cm)diameter bearing
has been bench tested and static fired in a large rocket motor that normally uses a flexible
joint (ref. 35), thus allowing a direct performance comparison of the two systems. The

®Trademark of United Technologies (formerly United Aircraft Corporation).

*
Parenthetical units here and elsewhere in the monograph are in the International System of Units (SI units). A table of

conversion factors appears in Appendix A. For simplicity and brevity, SI units are not presented in the tables in the
monograph.
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Fixed structure

Subsonic splitline

.Movable nozzle

Gimbal

Figure 2. - Gimbal/swivel subsonic-splitline nozzle.

Low subsonic splitline Movable nozzle

Fixed structure Gimbal

Figufe 3. - Gimbal/integral low-subsonic-splitline nozzle.

Fixed structure
Supersonic splitline

Movable nozzle

Figure 4. - Supersonic-splitline nozzle.
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Movable nozzle -

Ball/socket

Fixed structure

Antirotation bellows

Figure 5. - Ball-and-socket nozzle.

Rolling bearing

Bolted joint ——

s Rotatable
nozzle

<5 T

Figure 6. - Rotatable canted nozzle.
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Bellows
insulating boot

‘(,Geomettic forward pivot point
|
V' — -

Actuator bracket

Actuator

Radiation shield Fixed nozzle
Flexible joint
Wrap-around

insulating boot

Forward

attach ring
Movable nozzle

Aft attach ring

Reinforcement Aft geometric

lastomer ‘,/// pivot point
P

| - -

(a) Flexible joints with insulating boot

Reinforcement

Elastomer
Ablative protection

Forward

attach ring Fixed structure

Movable nozzle

Aft attach ring

Aft geometric pivot point

‘T/ :

(b) Flexible joint with sacrificial ablative protector.

Figure 7. - Flexible-joint nozzle.
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Actuator bracket

Actuator

Silicone rubber
boot

Silicone
fluid

Fixed
structure

Movable nozzle
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Fabric-reinforced
neoprene bladder

‘

|

\Pivot point

(a) Neutral position

Rl

Extended side

U
Vector angle

Compressed

(b) Vectored position

Figure 8. - Fluid-bearing/rolling-seal nozzle.
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Exit cone

/

Injection
valve

Fluid tank

\

(a) External nozzle

Exit cone

Fluid tank

Injection
valve

(b) Submerged nozzle

Figure 9. - Liquid injection TVC system.

Gas injectant .
Exit cone

'

Hot-gas wvalve

Figure 10. - Hot-gas TVC system, leg mounted.
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Exit cone

Jet tab

(a) External nozzle

Exit cone

Jet tab \

(b) Submerged nozzle

Figure 11, - Jet tab TVC systems.
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comparison showed that the actuation torque for the fluid bearing/rolling seal was 30
percent of the actuation torque for the flexible joint. Fluid bearing/rolling seals up to 24-in.
(60.96 cm) diameter have been tested in static firings up to vector angles of + 6.5°, at
vectoring rates up to 40 deg/sec, and motor pressures up to 1000 psig (6.89 MN/m?) (refs.
35 and 36). An 8-in. (20.32 cm)-diameter bearing has been tested in static firings up to
vector angles of + 12° at vectoring rates up to 140 deg/sec and motor pressures up to 2700
psia (18.6 MN/m?) for firing times of 20 seconds (ref. 35). This bearing has also been tested
at vector angles of * 15°, vectoring rate of 762 deg/sec, and motor pressure of 2100 psia
(14.5 MN/m?) for a firing time of 5.5 seconds (ref. 35). The fluid bearing/rolling seal has
been selected for use in a large high-performance motor, but as yet has not been
demonstrated or accepted for an operational flight motor and therefore will not be
evaluated further in this monograph. ‘ '

The flexible joint has demonstrated the capabilities of the gimbal splitline but with fewer
development problems, has been demonstrated in a number of flight motors, and is
operational in the first- and second-stage motors for Poseidon C3; therefore, this joint is
treated in detail in this monograph (secs. 2.1 and 3.1).

Liquid injection. — A large amount of experience on secondary-injection TVC systems
(table II) has been accumulated. The liquid-injection system is a state-of-the-art system that
is operational on several vehicles. This system has the advantage over the movable-nozzie
system in that most of the excess liquid can be dumped after staging and recovery of flight
attitude, the vehicle thereby having less inert weight during the remainder of the flight than
the vehicle that must continue to carry nozzle actuation hardware. Hot-gas injection systems
are promising, but valve and piping problems due to the severe thermal environment need to
be solved. Warm-gas injection systems reduce the thermal environment problem but require
large and heavy gas generators. The liquid-injection system therefore is treated in detail in
this monograph (secs. 2.2 and 3.2).

Mechanical systems. — The mechanical deflector systems listed on table II1 either were
operational (e.g., jet vane and jetevator) but have now been replaced by other systems, or
were limited to development static firings (e.g., jet tab and segmented nozzle) and in general
are no longer being considered in the industry. These techniques generally suffer from high
weights and material problems due to exposure to hot exhaust gases. The movable pintle
and plug (table IV) have not advanced beyond limited experimental evaluation and are not
now under development.
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2.1 FLEXIBLE JOINT

The flexible joint is a nonrigid pressure-tight connection between the rocket motor and a
movable nozzle that allows the nozzle to be deflected by as much as 15° in a given
direction*®. The deflection of the nozzle deflects the motor thrust vector and generates a
moment about the vehicle center of gravity, thereby altering the course of the vehicle.

Two kinds of flexible joints are shown in figure 7. The flexible joint is shown in a neutral
position in figure 12 and in a vectored position in figure 13. These figures also show the
descriptive terms used throughout this monograph. A complete list of symbols and
definitions appears in Appendix B.

2.1.1 Configuration

The flexible joint consists of rings of an elastomeric material alternating with rings of
metallic or composite material. These rings are usually spherical sections with a common
center of radius referred to as the geometric pivot point. A joint wherein the rings were
identically shaped conical sections has been designed and successfully tested (ref, 22). This
design had the advantage of requiring a single set of tooling for all the rings rather than
tooling for each ring as is necessary with spherical rings. Since each ring had the same shape,
the joint was limited to a cylindrical envelope.

One end of the flexible joint is connected to a fixed structure, and the other is connected to
a movable nozzle. Since the joint is symmetrical about its centerline, the nozzle can vector
in any direction. When the nozzle is acted upon by an external actuator force, the
elastomeric components are strained in shear, each reinforcement ring rotates a proportional
part of the total vector angle, and the nozzle rotates about the effective pivot point (fig.
13). Usually the effective pivot point does not coincide with the geometric pivot point
because of different amounts of distortion in each reinforcement. Omniaxis movement of
the nozzle is obtained by using two actuators 90° apart. In addition to providing a means
for thrust vectoring, the joint also acts as a pressure seal. Flexible joints are designed so that
the axial compressive pressure imposed on the elastomer is higher than the chamber
pressure.

An important property of the elastomer in the operation of a joint is that the bulk
compressive modulus is approximately 15 000 times the shear modulus. This relation means

E
This amount of motion has been demonstrated, but an upper limit to deflection angle has not been established.
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Figure 12. - Fiexible joint in neutral position.
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Figure 13. - Flexible joint in vectored position.
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that a joint can transmit high axial compressive loads with low resulting axial deflections,
but permits high shear deflections at low applied torques.

The reinforcements provide rigidity to the joint against motor pressure and axial loads due
to motor pressure and constrain the joint to vector instead of deflecting sideways as would
an all-elastomer cylinder when an actuator load was applied.

The movable nozzle with a flexible joint consists of four main subsystems: the
movable-nozzle section, the attachment to the fixed structure, the actuation system, and the
flexible joint. The movable-nozzle section and the attachment of the flexible joint to the
fixed structure are treated in reference 75, and actuation systems are treated in reference
76. The effect of the actuation system on the flexible joint when the joint and actuator
characteristics interact is discussed in this monograph.

2.1.1.1 DESIGN OPTIMIZATION

Flexible-joint design consists of the determination of the joint configuration, the number of
reinforcement rings, the material for the reinforcement rings and elastomeric layers, and the
materials for environmental protection. These elements must be selected and combined to
provide the required spring stiffness, performance, and reliability at minimum weight and
within cost and envelope limitations. Joint design is affected also by the attachment to the
fixed structure and the movable nozzle. In some programs, the basic joint design
requirements including motor pressure, vector angle, and envelope constraints are specified.
In other programs, these design requirements must be determined in studies to define the
optimum tradeoff relationship between the joint design requirements and the stage and
vehicle design requirements (ref. 77).

The joint design is dependent on many geometric variables, and no general solution for joint
design exists. Preliminary design is based on empirical relationships (refs. 17, 23, 78, and
79). A selected design is analyzed by finite-element techniques (refs. 80, 81, and 82), and
the design is modified according to the analytical results. Analysis of a flexible joint is
complicated by nonlinearity of material properties, large deflections and strains,
nonsymmetric loading systems, and nonsymmetric geometries during vectoring. However,
reasonable correlation between joint test results and calculated results has been obtained by
use of an incremental procedure (ref. 80). The load is applied incrementally, and a
finite-element analysis is conducted, using material properties associated with the stress at
_ the previous increment and a geometry determined from the previous increment. When the
“applied load is axisymmetric, the deflected geometry will be axisymmetric. When the
%plied load is asymmetric (e.g., an actuation load applied by one actuator), the deflected
geometry will not be axisymmetric. The deflected geometries at two cross sections 180°
apart in the plane of actuation have been analyzed by finite-clement methods that assume
each cross section is axisymmetric (refs. 22 and 78). Methods of mathematical analyses
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other than the finite element have been employed to consider finite joint deformations and
material anisotropy (refs. 83 and 84).

2.1.1.2 ENVELOPE LIMITATIONS

The joint envelope is defined by the pivot radius R, the inner and outer joint angles §; and
B,, and the cone angle ¢ (fig. 12). The pivot radius is determined primarily by the nozzle
throat diameter, but the inner and outer joint angles and cone angle are selected by the
designer. All joints that have been successfully tested to date have had angle 8, ranging from
40° to 45°, angle B, ranging from 45° to 55°, and angle ¢ that was not greater than the joint
angle B (fig. 12) nor less than 0°. It has been demonstrated by analysis that joints with an
angle 8, up to 70° are feasible; these results suggest that the largest demonstrated value for
B,—55°—= may not be the limit.

The difference between the inner and outer joint angles (8, — ;) is maintained at the
minimum value possible without exceeding the allowable elastomer stresses, so that the joint
spring torque is kept to a minimum. It has been shown analytically (ref. 17) that the cone
z}ngle significantly affects the joint axial deflection and the elastomer and reinforcement
stresses. As the cone angle increases, these values increase, and the effective pivot point
moves farther from the geometric pivot point (fig. 13). However, decreasing the cone angle
has resulted in nozzles with large re-entry sections that increase the weight of the movable
section of the nozzle and require larger clearance envelopes in the motor, thereby reducing
the amount of propellant.

Cost also has been a factor in determining the joint envelope. A large flexible joint (ref. 22)
with conical-shaped reinforcements was manufactured. The joint was designed with a
cylindrical envelope (¢ = 8 as shown on fig. 13), and each reinforcement had the same cross
section, thus reducing tooling and fabrication costs.

2.1.2 Design Requirements

The requirements affecting the design of a flexible joint are nozzle actuation torque, vector
angle, axial deflection, frequency response, motor pressure, environmental effects, pressure
sealing, cost, and weight.

The actuation torque (sec. 2.1.2.1), is made up of many contributing torques, each of which
must be estimated for preliminary design and subsequently checked in static firings. The
vector angle (sec. 2.1.2.2) required to produce sufficient maneuvering force on the vehicle is
dependent on the position of the pivot point (fig. 13) and the vehicle performance
requirements. Axial deflection (sec. 2.1.2.3) affects the clearance envelope required between
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the fixed and movable portions of the nozzle; in addition, the axial deflection controls the
axial spring stiffness of the flexible joint between the fixed and movable nozzle sections.
The natural frequency and frequency response of the movable section (sec. 2.1.2.4) depend
upon the axial stiffness and the mass properties of the movable section. The frequency
response affects design of the actuator and guidance control system; sufficient stiffness must
be designed into the movable nozzle to avoid dynamic coupling of various forcing functions.
The motor pressure influences the selection of the joint materials and dimensions and
affects the joint response to all of the aforementioned design requirements. The joint needs
to be protected against a high-temperature environment on the motor side and the
atmospheric environment on the outside (sec. 2.1.2.5). In addition, the joint must be a
pressure seal between the motor and the atmosphere (sec. 2.1.2.6).

Flexible joints with elastomeric rings formulated from natural rubber have been operated at
elastomer temperatures ranging from 65° F (291 K) to 85° F (302 K), and have been
vectored in motors operating up to 600 000 feet (182 900 m) altitude with the elastomer at
not less than 65° F (291 K). A joint with neoprene*/polybutadiene has demonstrated
acceptable results in bench tests at temperatures from -40° F (233 K) to 165° F (347 K)
(ref. 85).

2.1.2.1 ACTUATION TORQUE
In order to define the requirements of the control system and to actuate the nozzle in
accordance with the motor or vehicle requirements, the designer must know the total
actuation torque required. The actuation torque usually is defined about the geometric
pivot point. The total torque is the summation of a number of contributing torques,
including torques due to internal and external aerodynamics. The total torque is made up of
the following component torques:

® Joint spring torque

e Frictional torque

e Offset torque

e TInertial torque

e Gravitational torque

*
Materials are identified in Appendix B.
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® Insulating boot torque
® Internal acrodynamic torque
o External aerodynamic torque

The total actuation torque varies from motor to motor and from cycle to cycle during
continuous sinusoidal cycling on the nozzle. The total variability including both items has
been determined to be = 20% (refs. 86 and 87). The variability of a new design must be
determined, since prior results may be based on joints that are not. identical to the new
design.

2.1.2.1.1 Joint Spring Torque

The flexiblesjoint spring torque (resistance of the joint to movement) usually is the
maximum torque contributing to the actuation torque. It is dependent on a number of
factors: total thickness of elastomer, pivot radius, joint angles, and motor pressure; it is also
affected by environmental effects on the elastomer mechanical characteristics (sec.
~ 2.1.2.5.2). The resistance of the joint to movement is overcome by the actuator; for
‘ convenience of analysis, the necessary torque is calculated as the moment arm from the
geometric pivot point to the line of action of the actuator.

The spring torque is dependent on the combined thickness of all the elastomer rings and not
on the thickness of each ring (ref. 17). The spring torque is roughly proportional to the cube
of the pivot radius(i.e., Ty =R, 3). Therefore, to ensure that the spring torque and envelope
are a minimum, the Jomt dlameter is minimized by placing the joint as close to the throat
plane as possible; the pivot radius is then made as small as possible, but not so small as to
increase the stresses in the joint above the allowable values. The inner and outer joint angles
B, and B, (fig. 12) control the joint thickness. As noted, the difference between these angles
is kept to a minimum consistent with the elastomer allowable stresses. The joint spring
torque reduces as the motor pressure increases (refs. 13, 22, 86, and 87). This phenomenon is
attributed to the effect of compression on the elastomer shear modulus properties, the
configuration of the joint, and the change in shape of the joint (refs. 83 and 84). If
sufficient pressure is applied, the spring torque can become zero. Little data are available on
the variation in spring torque. Tests conducted on joints for two different motors that used
a natural-rubber formulation show a variation of * 20% at zero pressure. This torque
variation in absolute units remained approximately constant and independent of motor
pressure (refs. 86 and 87). The variation was correlated with lot-to-lot variation in the shear
modulus of the elastomer (sec. 2.1.3.1).

For rapid calculation of the spring torque for joints with spherical reinforcement rings, a

number of equations have been developed (refs. 17, 21, 23, and 78). Of these, the best
correlation with test results for many different joints is the expression (adptd. from ref. 78)
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T 12G, 1,3 132 '
q oo i .
- = (e - 160 1)
0 o™ — Tj : ,
where
Tq joint spring torque, in. - Ibf (m-N)
0 vector angle, radians
G, elastomer secant shear modulus at 50 psi (0.345 MN/m?) shear
stress (sec. 2.1.7.1), with no externally imposed pressure, at the
elastomer temperatures expected in operation, psi (N/m?)
I R, + nt./2,in.(cm)
r, = R, — nt./2,in. (cm)
R, pivot radius in. (cm)
te thickness of individual elastomer layer, in. (cm)
n number of elastomer rings
B, B2 inner and outer joint angles, deg
I® integral values listed in table V (ref. 78)
TABLE V. — Integral Values I(8) for 8= 15° to 3 = 60° (ref. 78)

B, deg 16 B.deg | 10 B, deg 1B B, deg 1®
15 0.0518 27 0.1601 39 0.3110 51 04849
16 0588 28 1713 40 3249 52 4999
17 0661 29 1828 41 3389 53 5148
18 0739 30 1946 42 3531 |° 54 5298
19 0820 31 2067 43 3674 55 5448
20 0906 32 2189 44 3818 56 5599
21 0995 33 2315 45 3963 57 5749
2 .1088 34 2442 46 4109 58 5899
23 1184 35 2572 47 4256 59 6048
24 .1283 36 2704 48 4403 60 6198
25 .1386 37 2838 49 4551
26 1492 38 2973 50 4700
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From test data, the following empirical relationship for calculating the spring torque at
pressure has been developed for joints with steel reinforcements and
natural-rubber-formulation elastomers (adptd. from ref. 78):

3

;r_q_ 0.156 Gr,* 52 (B, — B;) (2)
0

IR

where

G = effective elastomer shear modulus when subjected to external
pressure, psi (N/m?)

= G, + A0® 3)
A = constant depending upon reinforcement material

= —0.2595 x 10 ¢ for steel

- P, sin?p, ,
02 = (4)
(sin?B, —sin?B;) cos?® ¢

P, = motor pressure, psi (N/m?)

¢ = cone angle, deg

For joints with cone angles varying from 15° to 50°, at high pressure, torques calculated
from equation (2) have agreed within * 8% with torques measured in bench tests.

2.1.2.1.2 Friction Torque

Friction torque in a conventional movable nozzle arises from sliding surfaces such as
bearings and O-rings. Since there are no sliding surfaces in a flexible-joint nozzle, coulomb
friction theoretically does not exist. Elimination of the joint friction eliminates problems
from three major sources:

26



(1) Friction varies significantly from unit to unit and cannot be predicted with
accuracy.

(2) Friction is the major source of steady-state error in the servo actuator system.
(3) The change from static to sliding friction causes a breakaway peak in actuation.

Although there is no sliding friction in a flexible joint, the joint does respond to actuation in
a manner similar to that of a spring-mass system with both viscous friction and coulomb
friction. The viscous friction probably is associated with the viscoelastic behavior of soft
elastomeric materials. Viscous damping is an important consideration in determining the
stability characteristics of the thrust vector control system. No methods are available to
calculate either coulomb friction or viscous friction. Attempts to calculate the damping
coefficient from the decaying actuator force transient occurring at the end of a step
vector-angle function applied to a nozzle have been unsuccessful because no correlation
could be obtained with the friction coefficient calculated from actuation data. For
sinusoidal actuation of the nozzle, the viscous torque component does not contribute to the
maximum actuation torque, since the viscous friction torque is a maximum when the nozzle
is at zero position and zero when the nozzle is fully vectored.

The coulomb friction and viscous friction are determined experimentally. A nozzle is
vectored at different frequencies but constant amplitude, and the actuator force is
measured. A typical actuator force response is shown on figure 14(a); the actuator force at
zero vector angle is the total friction. When the variation in total friction force with
vectoring rate is plotted as shown in figure 14(b), the two friction components can
be determined.

Experimental data have shown that for joints fabricated by the same manufacturer the
variation in viscous friction is * 30% and for coulomb friction is = 15% (ref. 88). Joints
fabricated by different manufacturers to the same specifications have demonstrated
significantly different friction torque results, although the variability was approximately the
same. Test results have indicated that the viscous friction is dependent on vectoring
amplitude in addition to vectoring rate. The coulomb friction has been shown to be
dependent on vectoring amplitude and pressure. The phenomenon of friction is little
understood, and the elastomer properties and dimensions influencing friction have not been
identified.

2.1.2.1.3 Offset Torque
Offset torque is the torque resulting from asymmetry in the nozzle due to misalignment and
manufacturing tolerances. Consequently, offset torque can occur in bench tests as well as

during motor firings. The offset torque during a motor firing is an aerodynamic torque
additive to that due to nozzle vectoring. The amount of alignment offset is dependent on
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Figure 14. - Graphical presentation of the effects of friction in a flexible-joint nozzle.
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axial deflection characteristics of the joint and the motor pressure at which the nozzle must
be at zero vector angle (sec. 2.1.2.3). The offset torque for joints up to 22-in. (55.88 cm)
diameter has been small in comparison with the spring torque, and it is ignored in
determining the actuation torque. However, it is possible that for larger joints the offset
torque could be a significant contribution to the actuation torque.

2.1.2.1.4 Inertial Torque

The inertial torque is the torque about the pivot point resulting from accelerations produced
on the nozzle by the actuator and is dependent on the vectoring acceleration. The inertial
torque is determined by assuming that the mass of the nozzle acts at the center of gravity of
the movable section of the nozzle and that the movable section vectors about the geometric
pivot point. One end of the joint is connected to a fixed structure, and in the determination
of section mass and center of gravity of the movable nozzle it is usually assumed that half
the mass of the joint acts with the movable section. For joints designed to demonstrate
maximum vector angles at zero motor pressure, the inertial torque usually is small compared
with the spring torque even at high vectoring rates up to 500 deg/sec for sinusoidal
actuation cycles, and is much less than the variability in actuation torque from motor to
motor.

2.1.2.1.5 Gravitational Torque

The gravitational torque is the torque produced about the geometric pivot point by the
movable nozzle mass as a result of accelerations imposed by the vehicle. As the vehicle
maneuvers, pitch, yaw, and axial and lateral accelerations occur at the vehicle center of
gravity, causing axial and lateral accelerations at the center of gravity of the movable nozzle.
 As before in the determination of net mass and center of gravity, half of the joint mass is
assumed to act with the movable section. For large booster vehicles, the gravitational torque
usually is small compared with the spring torque.

2.1.2.1.6 Insulating-Boot Torque

A flexible joint often is protected against hot motor gases by use of an insulating boot (fig.
7). Either this insulating boot is wrapped directly around the joint, or.a dead air space
separates the joint and the boot.

The wrap-around boot adds significantly to the nozzle vectoring torque. For example, use of
a wrap-around boot fabricated of silica-filled butadiene acrylonitrile rubber (GTR V45) on
a 13-in. (33 cm)-diameter joint increased the actuation torque from 1000 in.-Ibf/deg (113
m—N/deg) to 2100 in.-Ibf/deg (237 m-N/deg) (ref. 13). When the design of the boot was
changed to a bellows type (fig. 7), the actuation torque increased from 1000 in.-Ibf/deg to
1600 in.-lbf/deg (180 m-N/deg) (ref. 14). A wrap-around boot design (fig. 7(a))
incorporating DC 1255 silicone rubber resulted in a 20% increase in actuation torque for a
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joint 22 in. (55.88 cm) in diameter. This increase was not uniform from joint to joint and
was found to be dependent on whether the boot was bonded to the reinforcements: the
increase ‘was greater when the boot was bonded to the reinforcements. In general, as the
ratio of joint diameter to insulating boot thickness increases, the proportionate increase in
actuation torque due to the boot will be less. For example, the increase in torque
attributable to the insulating boot for a joint 112 in. (2.84 m) in diameter was 11 to 15
percent.

2.1.2.1.7 Internal Aerodynamic Torque

" “The internal aerodynamic torque acting on a submerged nozzle is the result of uhsyrﬁfnetric
- flow between the propellant grain and the movable nozzle. Pressure variations that occur
around the vectored nozzle cause side forces and a resultant torque.

If the pivot point is forward of the nozzle throat, the aerodynamic torque is a restoring
torque and hence is an increment to the actuation torque and needs to be calculated. If the
pivot point is aft of the nozzle throat, the acrodynamic torque is sustaining and reduces the
actuation torque (ref. 23). For an aft pivot point, the aerodynamic torque usually is ignored
in calculating the actuation torque, thus ensuring a conservative estimate for actuation
torque. However, if a system were designed to be vectored only at pressures that result in a
low spring torque, the aerodynamic torque with an aft pivot point could overcome the
spring torque and produce a negative actuation torque. A negative actuation torque can be
tolerated in a closed-loop system.

The aerodynamic torque is calculated by summing the moments about the geometric pivot
point produced by the pressure forces acting on the nozzle wall. This procedure requires a
knowledge of the wall static pressure and the pressure differentials existing in the nozzle.
Two procedures are available for developing the internal wall pressure in a vectored nozzle:
airflow simulation tests (ref. 89), and a two-dimensional method-of-characteristics solution
(ref. 90). When the aerodynamic torque is calculated from the results of airflow simulation
tests, the calculated value generally is within £ 20% of the measured value. When the
aerodynamic torque is calculated from the results of a two-dimensional
method-of-characteristics analysis, the result generally is within * 50% of measured value.

As the grain burns and the clearances between the nozzle and the grain increase, the pressure
distribution becomes more symmetrical, so that the aerodynamic torque becomes of little
significance near the end of propellant burn.

2.1.2.1.8 External Aerodynamic Torque

During flight, the external air stream impinges on the nozzle exit cone and creates a torque
component, especially in the high dynamic pressure region when large vector angles are
required. In specific cases, this effect perhaps could be utilized to increase the
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maneuverability of the vehicle in this flight region or to provide vehicle control after motor
burnout. The external aerodynamic torque could be calculated from the pressure acting on
the nozzle exterior surface in the same manner as the internal aerodynamic torque is
calculated (sec. 2.1.2.1.2). However, in most booster applications, the exit cone is shrouded
by a motor case skirt that prevents significant air impingement that would cause an external
aerodynamic torque.

2.1.2.2 NOZZLE VECTOR ANGLE AND PIVOT POINT

The amount of nozzle vector angle is determined by the vehicle control requirements. When
the nozzle is vectored, the resultant side force acts approximately through the pivot point.
The pivot point can be forward or aft of the nozzle throat (fig. 15). The position of the
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Figure 15. - Effect of pivot-point position on required envelope,
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geometric pivot point is selected from a tradeoff study that considers the effect of position

on the exterior clearance envelope between the fixed and movable parts, the actuator force
and stroke to fulfill vehicle guidance requirements, and the spatial envelope available for the
movable nozzle A summary of the comparative effects of a forward or aft pivot point is
presented in table VI.

TABLE VI. — Comparative Effects of Forward and Aft Geometric Pivot Point

Comparative effect

Item Forward pivot Aft pivot
Clearance envelope in nose cone region Reduced Increased
Clearance envelope for exit cone Increased Reduced
Actuator stroke to produce a Increased Reduced

particular vector angle -

Actuator force to produce a Reduced Increased
particular vector angle

g Vector angle to produce a Increased Reduced
particular vehicle movement

As shown, a forward pivot point will reduce the moment arm to the vehicle center of gravity
and thus require a large vectoring angle to generate the necessary turning moment. Similarly,
an aft pivot point will reduce the required vectoring angle. A forward pivot point will
require less envelope for movement of the nozzle nose cap region but more envelope for the
exit cone (fig. 15). The moment arm from the pivot point to the actuator is greater with a
forward pivot point, and therefore less actuator force is required; however, because the exit
cone movement is increased, the actuator stroke is increased.

Because of the reduced nose-cap movement, forward pivot points generally are used for
nozzles having little or no submergence into the motor chamber. Aft pivot points generally
are used for nozzles having deep submergence, because the envelope for exit cone movement
is critical. However, the increased nose-cap movement reduces the envelope available for
propellant (fig. 15). Regardless of whether a forward or aft pivot is selected, the joint angle
B on joints tested to date has been between 45° and 50°.
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The position of the effective pivot point is dependent upon the applied loads and joint
configuration. The actuator force, in addition to vectoring the joint, causes a movement of
the joint in the radial and axial direction, so that the effective pivot point is offset from the
geometric pivot point (fig. 13). Vectoring of the joint causes each reinforcement to deflect
differently, strongly influencing the position of the effective pivot point. At zero motor
pressure, only the actuator force causes pivot point movement. At motor pressure, an axial
compressive load is applied to the joint and causes additional pivot point movement. Figure
16 shows the measured pivot point movement for three different joints varying from 21
inches (53.3 cm) diameter to 112 inches (2.84 m) diameter, vectored at zero motor pressure
and at maximum expected operating pressure. The pivot point movement can be decreased
by decreasing the cone angle. Analytical studies (ref. 17) have indicated that the
reinforcement stresses decrease as the cone angle decreases (sec. 2.1.5.3), because the
reinforcement deflection decreases. Reduced reinforcement deflection results in reduced
pivot point movement. As shown in figure 16, pressure acting on the joint also reduces the
lateral movement of the pivot point due to vectoring.

A knowledge of the effective-pivot-point location is important in establishing the clearance
envelope between the fixed and movable nozzle components. In one flexible-joint program,
the effective pivot point was assumed to have moved an amount equal to the axial
deflection, and a clearance envelope was set up accordingly. It was subsequently determined
that the effective pivot point had moved approximately 1.5 in. (3.81 c¢m) while joint axial
deflection was 0.4 in. (1.02 cm). The allowed clearance envelope was t00 small and had to
be increased by removing part of the joint. No method has been developed that accurately
predicts the lateral movement of the pivot point. An approximate method to determine the
pivot-point position due to axial load is presented in the following section.

2.1.2.3 AXIAL DEFLECTION

Although the flexible joint is relatively stiff in compression in comparison with its vectoring
stiffness, a measurable amount of axial compression occurs when the motor is pressurized. It
is necessary to know the axial compression to determine nozzle envelope requirements, the
axial compressive spring stiffness, and the nozzle misalignment requirements. The axial
compression acts to reduce some clearances between the fixed and movable nozzle
components, increases the vectoring clearance around the exit cone, and influences the
position of the pivot point. The spring stiffness is required in the design of the guidance
control system. The fixed-length actuator causes vectoring of the nozzle by motor pressure,
and the nozzle is misaligned at zero pressure so that it is aligned at some required pressure.

The axial compression is dependent on the elastomer stiffness, the reinforcement stiffness,
and the cone angle. The axial compression involves an interaction among elastomer
properties in compression, deformation of the elastomer, reinforcement stiffness, joint
envelope, and the ratio of the dimensions of the elastomer rings to the reinforcement rings.
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Test results have shown that these interactions result in a nonlinear response to applied axial
compressive loads (refs. 22, 86, and 87).

The loading conditions for a flexible joint consist of an external radial pressure and an axial
compression load due to the motor pressure acting on the movable section of the nozzle.
The axial compression load due to motor pressure is calculated by integrating the pressures
acting on the movable section. Solutions in the form of equations to predict axial
compression have not been satisfactory. Measured deflections have been as much as four
times the calculated deflection. Most success in predicting axial compression has been
obtained with computerized finite-element methods of analysis (refs. 78, 81, and 82).
Reasonable correlations between calculated and measured axial deflections have been made
with the use of a sequential-loading finite-element method. The geometry of the joint for
each loading increment is changed to the deflected geometry due to previous loading
increments. For each loading increment, the elastomer shear modulus is assumed constant at
the secant shear modulus at 50 psi (0.345 MN/m?) shear stress (sec. 2.1.7.1), and all other
elastomer properties are determined assuming isotropy and incompressibility (i.e., Poisson’s
ratio = 0.5).

An approximate estimate of the position of the effective pivot point when the joint is
loaded by motor pressure is made by considering the movement of the geometric pivot
point for each reinforcement. When loaded by motor pressure, each reinforcement rotates
but undergoes negligible change in cross-sectional shape. Consequently, the geometric pivot
point for each reinforcement can be defined. Each reinforcement rotates a different
amount, and the effective pivot point is approximately at a mean of all the geometric pivot
points,

2.1.2.3.1 Nozzle Misalignment

Axial deflection causes a vectoring misalignment of the nozzle. When the actuator
attachment points are a fixed distance apart, as in the case just after booster launch before
the guidance system begins to control the vehicle, the nozzle is not free to translate aft as
the motor pressure increases. An actuator length that holds the movable components aligned
to the fixed components at zero motor pressure would be too short at operating pressure.
The nozzle at pressure would vector as though the actuators were retracted (fig. 17). Since
alignment of the exit cone to the fixed components is less important in an unpressurized
condition than in the pressurized condition, the actuator length at zero pressure is set to
minimize the angle between the movable and the fixed components at some nominally
pressurized condition. At zero pressure, this actuator length is too great, and the nozzle is
vectored as though the actuators were extended. As the motor pressure increases, the
misalignment decreases.
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The actuator bracket (fig. 7(a)) usually is connected to the motor case; hence the actuator

bracket deflects as the motor is pressurized. The effect of actuator-bracket deflection has to

be included in determining misalignment. If the actuator bracket is connected to the aft

adapter of a glass-filament-wound motor case, the misalignment due to act@iator bracket

deflection is much larger than that due to axial deflection of the joint. This difference arises

because the rotation of the aft adapter can be as much as 3° at maximum expected
operating pressure MEOP.

2.1.2.4 FREQUENCY RESPONSE

The movable nozzle section and the flexible joint form a spring-mass system. The fixed

—structure forms an additional spring in the guidance control system. If a strong natural

frequency of the control system applied through the actuators is near the frequency of a
natural mode of nozzle oscillation, the nozzle oscillations will be reinforced. An instance has
occurred where the hydraulic actuator stiffness was low enough to be the primary stiffness
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determining the nozzle natural frequency. All of the nozzle subsystems are designed to have
enough stiffness so that their individual natural frequencies are high when compared with
the driving frequencies transmitted through the control system. Preliminary estimates of the
stiffness of each subsystem can be made, but mathematical models of the nozzle and
actuation system are difficult to build without test data. Consequently, tests to determine
frequency response, closed-loop damping, and open-loop damping are conducted early in a
development program,

2.1.2.5 ENVIRONMENTAL PROTECTION

Flexible joints are protécted against exposure to hot motor gases, warm atmospheres, and
atmospheres that could cause rapid aging of the elastomer. The effect of temperature has
been demonstrated on a natural-rubber formulation (ref. 91), the results showing that
increasing temperature decreases the shear modulus, the allowable stresses and strains, and
the strength of the bonds to the reinforcement. Atmospheric aging of specimens of
natural-rubber formulations show increased shear modulus and reduced allowable stresses
and strains (ref. 92). Other studies have shown that silicone rubber is much less sensitive to
aging (refs. 93 and 94).

Limited studies (ref. 85) with laboratory specimens have been conducted on formulations of
(1) neoprene, (2) neoprene/polybutadiene, (3) ethylene propylene terpolymer (EPDM), (4)
butyl, and (5) silicone, for use in joints over a temperature range from -40° F (233 K) to
165° F (347 K). The results showed that for all formulations (1) tensile strength is little
affected from -40° F (233 K) to 70° F (294 K) and decreases up to 165° F (347 K), and (2)
tensile elongation is a maximum at 70° F (294 K). Shear studies of the
neoprene/polybutadiene and silicone formulations showed that (1) the shear strength
. increases with decreasing temperature, and (2) shear elongation is a maximum at 70° F (294
K). The secant shear modulus at 50 psi (0.345 MN/m?) shear stress for
neoprene/polybutadiene is little affected from 70° F (294 K) to 165° F (347 K) but
increases significantly at -40° F (233 K), whereas the silicone formulation is little affected
from -40° F (233 K) to 165° F (347 K). The neoprene/polybutadiene formulation was
bench tested in a joint at -40° F (233 K), 70° F (294 K), and 165° F (347 K); the results
showed that (1) axial compression increased with increasing temperature, (2) the actuation
torque did not change from 20° F (266 K) to 120° F (322 K), and (3) with the value at 70°
F (294 K) as a reference, the actuation torque increased 18 percent at -40° F (233 K) and
decreased 18 percent at 165° F (347 K). ‘ it e .

2.1.2.5.1 Thermal Protection

Ih most cases, the flexible joint is protected against exposure to warm Or cold atmospheres
by controlling the atmosphere surrounding the joint prior to firing. Most joint testing is
conducted with the joint at temperatures from 65° F (291 K) to 85° F (302 K). Limited
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bench testing has been conducted on joints at conditions from -40° F (233 K) to 165° F
(347 K) (ref. 85).

The joint is protected from hot motor gases either by use of an insulating boot (fig. 7(a)), or
by use of sacrificial ablative protectors (fig. 7(b)). As noted earlier, either the insulating
boot has been wrapped directly around the joint or a dead air space has separated the joint
and the boot. The wrap-around boot provides less heat-transfer barrier for the same
thickness, because there is no dead air space to act as an additional insulation between the
boot and the joint. For the bellows-type designs, pressure relief holes through the boot are
required to balance the pressure across the boot. The vent holes need to be sufficient to
allow the gas pressure to equalize during high rates of change of pressure occurring at
ignition, so that tearing of the boot is prevented. This design requires more envelope than
the wrap-around design. :

The design of the insulating boot requires decisions whether to use a wrap-around or a
bellows design, and whether to expose the boot to the chamber environment of radiant heat
transfer from the high-temperature motor gas stream or to minimize this heating by
providing a radiation shield mounted on either the fixed or movable nozzle components.
Both the exposed boot (refs. 13, 14, and 23) and the protected boot (refs. 95 and 96) have
been used. Motor designs using an exposed boot require an ablative plastic material for the
boot,making it necessary to know the char and erosion behavior as a function of strain in
addition to gas composition, pressure, temperature, and velocity. When a radiation shield is
provided, the boot material is a silicone rubber. The boot and radiation shield are designed
so that the gap between the movable and fixed sections (fig. 7(a)) occurs in a stagnant
region. Even when the joint is actuated and the shape of the annular cavity around the
circumference is altered, there is little circumferential flow in the annulus. One such design,
22 in. (55.88 cm) in diameter and using a silicone rubber boot, showed only slight charring
with no erosion. Consequently, the boot needed to be thick enough to withstand only the
radiant heating through the gap between the boot and the protection shield. For the
exposed boot, the required insulating material is stiffer, and thus the increase in actuation
torque is greater than that of the protected boot. However, the protected boot requires
more envelope.

The sacrificial ablative protectors extend outboard of the elastomer rings a distance
sufficient to provide a heat-transfer barrier between the hot motor gases and the elastomer.
To minimize heating in the cavity between protectors, the protectors are cross sectioned so
that the gap between protectors is less than the elastomer thickness (fig. 7(b)). The gap
between protectors must be wide enough to prevent contact during vectoring or motor
pressurization. Because there is a possible path from the hot motor gases to the elastomer, it
is necessary to determine the environment in the region of the protectors and to relate this
environment to the char and erosion characteristics of the protector material. Slag
accumulation in the gaps after static firing has been noted, but this buildup did not cause
anomalies in the vectoring response of the nozzle during firing. This result was attributed to
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the lack of adherence between the slag and the carbon-fiber/phenolic--resin composite used
for the protectors. The sacrificial ablative protector does not cause an increase in actuation
torque and requires less envelope than the insulating boot with a radiation shield.

All thermal protection designs have been tested successfully: the exposed insulating boot
with and without bellows (refs. 13 and 14), the protected insulating boot with and without
bellows (refs. 23, 95, and 96), and the sacrificial ablative protectors (ref. 25). Selection of a
design is made from a study evaluating such factors as gas characteristics (temperature,
composition), gas flow (velocity, stagnation regions, pressure), envelope requirements,
actuation power source, and overall system weight (actuation system, joint, insulating
system) in relation to performance factors (e.g., range, payload, and reliability) and cost.

2.1.2.5.2 Aging Protection

Tests of flexible joints using a natural-rubber formulation (GTR 44125) with the rubber
surfaces protected from the environment have demonstrated that, with aging, performance
changes, axial compression is reduced, and spring torque is increased. The performance
change has been attributed to continued reaction of the components of the elastomer. The
spring torque increased by approximately six percent per year for 3% years (ref. 97) and
remained constant thereafter (ref. 26). The joints in this program were stored in an
atmosphere at 80° F (300 K) and approximately 50% humidity. This is the only program
where joints have been stored for a sufficiently long period and in sufficient quantity for
data to be available. Similar results have been obtained in quadruple-lap shear and uniaxial
tensile testing of specimens of the same rubber formulation; however, accelerated aging at
110° F (317 K) and 90% relative humidity for 9 months resulted in an increase in shear
modulus from 24 psi (0.165 MN/m?) to 30 psi (0.207 MN/m?) (ref. 22).

The decrease in axial deflection that accompanies increased spring torque due to aging
affects the nozzle misalignment (sec. 2.1.2.3), since it will change the zero alignment at the
nominally selected operating pressure to some misalignment at that pressure. Currently,
changes in joint performance are monitored, and projections of future performance are
made. The future performance is compared with the motor requirements to evaluate
probable joint life (ref. 26). ‘

Elastomers less susceptible to aging are under development, but the rigorous requirements of
shear modulus and shear strength make it difficult to develop a satisfactory elastomer.
Further, the long time periods necessary to evaluate an elastomer make it difficult to assess
property degradation with age for a new elastomer formulation. Accelerated aging tests at
high relative humidity have indicated possible degrees of aging that have subsequently been
found to be more severe than aging under normal service conditions (ref. 22).
Silicone-rubber formulations are less susceptible to aging but have a shear modulus
approximately 50% greater than that of natural-rubber formulations and a shear stress at
failure approximately 50% less than natural-rubber formulations; in addition, silicones are
more difficult to bond to metals.
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A possible additional problem that has been considered is oxidation of the elastomer at its
surface by either ozone or oxygen. Such oxidation has been prevented by ensuring that all
possible exposed elastomer surfaces are coated with an impervious material such as
chlorobutyl rubber or Hypalon rubber.

The elastomer in the uncured condition is susceptible to aging. A natural-rubber formulation
showed a decrease in the shear modulus of cured rubber of 1 psi (6895 N/m?) for each
month of age of the uncured rubber stored at 40° F (278 K). The elastomer in this
formulation was manufactured to as high a shear modulus as the specification allows so that
if the shear modulus of the cured rubber decreased because of aging of the stored uncured
rubber the formulation would remain within specification. The uncured rubber was stored
for six months at 40° F (278 K) and if after storage the shear modulus of the cured rubber
was within specification the rubber was used, but if outside of specification limits the
rubber was rejected.

2.1.2.6 PRESSURE SEALING

If the axial compressive force due to motor pressure is sufficiently high, the geometry of a
flexible joint assures that the joint will seal against leakage without the need for any special
precautions. The dimensions of the movable nozzle and joint are such that a compressive
axial load is applied to the joint, the result being a compressive stress in the flexible joint
that is greater than the motor pressure. Consequently, small unbonded spots and voids are
tolerated. When joints are manufactured by injection molding or compression molding (sec.
2.1.6.3), unbonding can be controlled only on a sample basis, because unbonded areas
cannot be detected. For joints that are manufactured by secondary bonding (sec. 2.1.6.3),
each bond line can be inspected for unbonding by ultrasonic techniques as the joint is being
assembled. Regardless of the manufacturing method, there is no quantitative definition of
the amount of unbonding that will result in a leak.

2.1.3 Material Selection

For fabrication of a flexible joint and its environmental protection, materials need to be
selected for the elastomer, reinforcement, bonding system between the reinforcement and
elastomer, insulating boot, and protection from the external atmosphere. The choice of
material for a given use depends on the motor operating requirements (e.g., motor pressure,
vector angle), the environmental operating conditions (e.g., propellant gas temperature,
propellant gas velocity, atmospheric ozone content), and the envelope available. Each of
these variables in turn is evaluated in a tradeoff study involving range, payload, reliability,
and cost that seeks to optimize vehicle and motor performance.
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2.1.3.1 ELASTOMERS

The important properties in the elastomer selection are the shear modulus, shear stress,
reproducibility of these properties from lot to lot, and the ease of bonding the elastomer to
the selected reinforcement material. Since it has been demonstrated that the joint spring
torque could become zero because of axial compression, efforts are being made to
determine shear properties with superimposed compression (ref. 78).

The joint spring torque is directly proportional to the elastomer shear modulus (sec.
2.1.2.1.1). In the selection of an elastomeric material, the aim is to use an elastomer with as
low a shear modulus as possible and with a minimum of continued feaction of the
components (sec. 2.1.2.5.2), which will increase shear modulus. Natural-rubber formulations
have been developed with secant shear moduli (sec. 2.1.7.1) ranging from 20 psi (0.138
MN/m?) to 35 psi (0.241 MN/m?) at 50 psi (0.345 MN/m? ) shear stress. The low required
shear modulus has presented difficulties to the elastomer formulators in preparing
formulations that fulfilled the chemical stability requirement.

The shear stress in the elastomer is caused by vectoring and motor pressure. Of these, motor
pressure usually is the more significant. Successful joints using elastomers having a minimum
specified quadruple-lap shear stress (sec. 2.1.7.1) of 500 psi (3.45 MN/m?) have been
designed, manufactured, and tested, and all failures were cohesive.

To meet the requirements of shear modulus and shear stress, most joints have been
fabricated of natural rubber or polyisoprene formulations. The joints of both stages of the
Poseidon motors are natural-rubber formulations, either GTR 44125 or TR 3005 (refs. 98
and 99). The joint for the 260-in. (6.604 m) motor (ref. 22) and a joint designed to operate
at 3000 psi (20.7 MN/m?) to = 15° at 300 deg/sec (ref. 14) used GTR 44125 elastomer.
Required properties for these elastomers are minimum shear stress of 500 psi (3.45 MN/m?)
and secant shear modulus (at 50 psi (0.345 MN/m?) shear stress) of 22 psi (0.152 MN/m?)
to 26 psi (0.179 MN/m?) for GTR 44125 and 18.5 psi (0.128 MN/m?) to 24 psi (0.166
MN/m?) for TR 3005. Actual shear strengths for these elastomers are greater than 1000 psi
(6.9 MN/m?) (ref. 100) for GTR 44125 and 660 psi (4.55 MN/m?) for TR 3005, all failures
being cohesive. Polyisoprene elastomers have been used for the joints of the 156-in. (3.962
m) motor (ref. 23), the 100-in. (2.54 m) motor (ref. 19), and an advanced dual-chamber
motor (ref. 18). The polyisoprene elastomers demonstrate shear properties that are equal to
those of the natural-rubber formulations but the shear modulus is greater, being
approximately 27 psi (0.186 MN/m?) minimum. Natural-rubber formulations have been
used for joints when the minimum expected operating temperature was not less than 50° F
(283 K). Because of the difficulty in making an elastomer with a low shear modulus, close
process controls are maintained to ensure a lot-to-lot variation in shear modulus not greater
than 10 psi (0.070 MN/m?).

A neoprene/polybutadiene formulation has been bench tested in a joint designed to operate
between -40° F (233 K) and 165° F (347 K) at an equivalent motor pressure of 2550 psi
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(17.6 MN/m?) to = 17.5° at 360 deg/sec (ref. 85). Required properties of the rubber were a
secant shear modulus (at 50 psi (0.345 MN/m?) shear stress) of not more than 50 psi (0.345
MN/m?) when the shear strength was greater than 600 psi (4.14 MN/m?), and a secant shear
modulus that could decrease linearly to 25 psi (0.172 MN/m?) at 300 psi (2.07 MN/m?)
shear stress; these values apply over the required temperature range. The required values
were achieved over most of the temperature range except at -40° F (233 K), where the
secant shear modulus was 72 psi (0.496 MN/m?).

Silicone elastomer formulations that are satisfactory for use in flexible joints from -40° F
(233 K) to 165° F (347 K) have been developed (ref. 85), but these elastomers are difficult
to bond to metals. The best bonds have been achieved with steel, but even these bonds
demonstrated adhesive failures. The failure adhesive shear strength for silicone elastomers
varied from 250 psi (1.72 MN/m?) to 560 psi (3.86 MN/m?); the shear modulus varied from
25 psi (0.172 MN/m?) to 40 psi (0.276 MN/m?), the higher modulus generally being
associated with the higher strength. These elastomers have been used for low-temperature
applications (dimethyl silicone formulations have a glass transition temperature at -85° F
(208 K), and methyl-phenol silicone formulations, at -160° F (166 K). The induced shear
stress due to motor pressure is directly dependent upon elastomer ring thickness, and
because the allowable shear strengths are less for silicone formulations, joints using these
formulations require thinner elastomer layers. The shear stress is minimized by designing the
joint to have an envelope with a cone angle of approximately zero degrees (ref. 17).

2.1.3.2 REINFORCEMENTS

Joints have been fabricated with steel reinforcements and with composite reinforcements.
The composite reinforcements have been formed with S-glass filaments and epoxy resin
(refs. 27, 28, and 29) and S-glass filaments and phenolic resin (refs. 24 and 25).

The important properties in the selection of the reinforcement material are compressive
yield stress, ultimate and yield tensile stress, modulus of elasticity, ease of fabrication, ease
with which elastomers can be bonded to the material, and cost of the material. For
composite reinforcements, the interlaminar shear stress is also an important property. In
addition the selection of material depends on the joint envelope. For joints with a large cone
angle, the mechanical properties have been the dominant factor in selecting materials. For
conical envelope joints, the reinforcement stresses are relatively low (ref. 17), and factors
such as ease of fabrication and cost became important.

"The stresses in a reinforcement are a tensile hoop stress on the outer radius and a
compressive hoop stress on the inner radius (sec. 2.1.5.2) due to motor pressure and
vectoring. Failures in the reinforcements have always occurred at the inner radius, where the
stress is compressive. For joints with steel reinforcements, the failure appears as a local
wrinkling with unbonding between the elastomer and the reinforcement, so that the joint is
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no longer a pressure seal. The wrinkling proceeds circumferentially around the
reinforcement in a high-frequency wave pattern. For joints with composite reinforcements,
the failure has appeared as rupture across a reinforcement thickness (ref. 27), interlaminar
shear failure between different types of lamina in the laminate (ref. 28), or compressive
failure (ref. 25).

Correlation of test data for metal reinforcements with calculated results (ref. 17, pp. 14-48,
and sec. 2.1.5.2) indicates that the stress at failure is the compressive yield stress. However,
buckling as a possible failure mode cannot be discounted. The failure buckling stress is
dependent on the reinforcement dimensions, compressive yield stress, and the modulus of
elasticity (sec. 2.1.5.2). :

The reinforcement material selected affects the bond to the elastomer. Elastomers that have
failed cohesively when bonded to steel have failed adhesively at lower stresses when bonded
to aluminum. Although it has been shown analytically that aluminum could be used as a
reinforcement material, it has not been used in any joints. Joints that were fabricated with
natural-rubber elastomers and either epoxy-resin composites or phenolic-resin composites
have never shown failure at the bond between the reinforcement and elastomer during
bench testing.

The joints of the motors on both stages of Poseidon contain 4130 steel heat treated to
180 000 psi (1241 MN/m?) ultimate tensile stress, and the 260-in. motor (6.6 m) (ref. 22)
incorporates 4130 normalized steel. The joints of the 100-in. (2.54 m) motor (ref. 19) and
156-in. (3.96 m) motor (ref. 23) used 304 Condition-A stainless steel, and the joint for the
advanced dual-chamber motor (ref. 18) used 17-7PH annealed stainless steel. All of these
joints have been bench tested successfully to pressures in excess of ultimate design
requirements.

The first joints with composite reinforcements used continuous hoop-wound S-glass
filaments with ERL 2256/Tonox 6040 epoxy resin to provide hoop strength and stiffness
(ref. 27). During bench testing, these reinforcements failed transverse to the windings, thus
showing a need for transverse strength. The transverse strength was provided by S-glass
filament mats laid up between the continuously wound S-glass filaments (ref. 34), the mat
filaments being oriented at an angle across the hoop windings (refs. 27, 28, and 29). Joints
‘with these configurations exhibited a change in the reinforcement failure mode and an
improvement in joint strength when bench tested. To reduce the fabrication costs of
composite reinforcements and to improve process control, joints were fabricated with
closed-die compression-molded reinforcements consisting of FM 4030-190
(phenolic-preimpregnated S-glass roving) chopped into one-inch lengths (ref. 24). These
joints were bench tested and static fired. Early joints for all three stages of the Trident 1
(C4) engineering development motors were fabricated with reinforcements of S-glass cloth
preimpregnated with phenolic resin (ref. 25). These joints were successfully bench tested,
and static firings with vectored nozzles were conducted successfully on second- and
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third-stage motors. However, in the motor development program structural problems
occurred in the reinforcements in flightweight joints. The resin system was changed from
phenolic to an epoxy resin, and no further problems occurred. Fundamental strength and
stiffness data have not been generated for the composite materials used in reinforcements.

2.1.3.3 ADHESIVE BOND SYSTEM

For test joints with either steel or composite reinforcement and a natural-rubber
formulation intended for operation between 65° F (291 K) and 85° F (303 K), fabricated
by injection molding or compression molding, the adhesive system has consisted of Chemlok
205 primer and Chemlok 220 adhesive. The bond failed at low strength levels in steel test
specimens even though the surfaces of the steel were carefully prepared. This problem was
overcome by ensuring that the material lots were of sufficient quality and that the adhesive
layer thickness was controlled (sec. 2.1.6.2). Applying the same controls to composite
reinforcements resulted in joints in which failures always occurred in the reinforcement.

The adhesive system for the joint with secondary bonding consisted of a primer system for
the reinforcements, FMC 47 epoxy resin, and Chemlok 305 adhesive (ref. 22). The primer
system is a high-temperature system. After the primer was applied to the reinforcements,
the reinforcements were cured at 300° F (422 K). The adhesive, an ambient-cure adhesive,
was cured during joint molding.

The adhesive systein for test specimens with steel plates and neoprene/polybutadiene-rubber
formulation for operation between -40° F (233 K) and 165° F (347 K), fabricated by
compression molding, was Chemlok 205 primer and Chemlok 231 adhesive. Shear failures
with this system were cohesive (ref. 85). The adhesive system for test specimens with a
silicone rubber formulation for the same environment was 75 percent Chemlok 608
dissolved in methanol. Shear failures with this system were adhesive at 165° F (347 K) and
cohesive at 70° F (294 K) and -40° F (233 K).

2.1.3.4 JOINT THERMAL PROTECTION

The joint thermal protection has been effected either by insulating boots or by sacrificial
thermal protectors (sec. 2.1.2.5.1). The important properties for the joint
thermal-protection materials are a low thermal diffusivity, high heat of ablation under strain
levels anticipated in service, and mechanical flexibility with minimum char fracture at
temperatures expected in service.

The choice of insulating boot material depends on whether the boot is protected by a

radiation shield (fig. 7(a)). For insulating boots protected by a radiation shield, K1255
silicone rubber has been used. For joints with exposed insulating boots, materials have been
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DC 1255 reinforced with chopped asbestos filler to reinforce the char layer (ref. 18) and
silica-filled butadiene acrylonitrile rubber (refs. 13, 14, 19, and 20). All of these materials
have performed successfully, but they have increased the joint spring torque (sec. 2.1.2.5.1).

The sacrificial thermal protector materials have been either S-glass/phenolic-resin or
carbon-cloth/phenolic-resin  composites. The molded S-glass/phenolic- or epoxy-resin
reinforcements (sec. 2.1.3.2) included the protectors in the molding (ref. 24). The
carbon-cloth/phenolic-resin protectors were fabricated as an integral part of
S-glass/phenolic- or epoxy-resin composite reinforcements (ref. 25). Both of these materials
have performed successfully in static firings (refs. 24 and 25) without causing an increase in
joint spring torque.

2.1.4 Mechanical Design

2.1.4.1 GENERAL CONSIDERATIONS

A flexible-joint configuration has been flown on an operational vehicle, and approximately a
dozen other joint configurations have been either bench tested or demonstrated in static
firings (refs. 13, 14, 17 through 20, 22 through 29, 95, and 96). However, no general
mathematical equations have been developed that correlate with test results for all
configurations. The design of a flexible joint is developed from simple empirical
relationships, derived from limited data, to establish preliminary dimensions and joint
performance. These relationships are presented in this monograph as follows:

Torsional stiffness at zero pressure - Section 2.1.2.1.1

Effect of pressure on torsional stiffness - Section 2.1.2.1.1

Elastomer layer thickness Section 2.1.5.1

Reinforcement thickness - Section 2.1.5.2

For joints with steel reinforcements, the initial component dimensions are established from
the preliminary-analysis relationships. An improved analysis is then conducted with
finite-element methods of analyses (refs. 17, 79 through 82, and sec. 2.1.5.3), and the joint
design modified according to the results of the finite-element analysis. If necessary, the
modified joint is analyzed again.

To establish a joint design with composite reinforcements, a different method has been used

because the properties of the composite were unknown. A joint is designed and fabricated at
the expected joint dimensions. The elastomer layer thickness and number of elastomer
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layers are calculated according to procedures in section 2.1.5.1. The reinforcements are
designed according to procedures in section 2.1.5.2, maximum strength at failure being
assumed to be 60 000 psi (414 MN/m?). To establish the allowable composite strength, the
joint is pressure tested to failure without vectoring and the results correlated with the
preliminary analysis of section 2.1.5.2 and a detailed finite-element analysis of the joint.
The allowable composite strength is defined as the calculated reinforcement stress at failure
regardless of the joint mode of failure. The joint design is modified in accordance with this
allowable composite strength at ultimate load conditions and analyzed by finite-element
methods.

2.1.4.1.1 Design Definitions

The design of a flexible joint usually is established and then defined on the basis of the
relationship between the loading conditions that will be imposed on the joint and the
capacity of the joint to withstand these loads. Limit load, design factor of safety, design
load, allowable load, and margin of safety are joint design terms that are used with respect
to this relationship between joint loading and joint loading capacity. These terms, as they
are used in this monograph, are defined in the following paragraphs.

Limit load. — The limit load is the maximum specified or calculated value of a service load
or service pressure that can be expected to occur under (1) the maximum
3-standard-deviation operating limits of the motor or vehicle including all environmental and
physical variables that influence loads, (2) the specified maximum operating limits of the
motor or vehicle, or (3) the maximum motor or vehicle operating limits defined by a
combination of 3-standard-deviation limits and specified operating limits.

Design safety factor. — The design safety factor is an arbitrary multiplier greater than 1
applied in design to account for design contingencies (e.g., variations in material properties,
fabrication quality, and load distributions within the structure).

Design load (or pressure). — The design load (or pressure) is the product of the limit load (or
pressure) and the design factor of safety. :

Design stress. — The design stress is the stress, in any structural element, resulting from the
application of the design load or combination of design loads, whichever condition results in
the highest stress.

Allowable load (or stress). — The allowable load (or stress) is the load that, if exceeded in
the slightest, produces joint failure. Joint failure may be defined as yielding or ultimate
failure, whichever condition prevents the joint from performing its intended function.
Allowable load is sometimes referred to as criterion load or stress.
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Margin of safety. — The margin of safety (MS) is the fraction by which the allowable load or
‘stress exceeds the design load or stress. The margin of safety is defined as

MS=-1-—1 (5)
R

where R is the ratio of the design load or stress to the allowable load or stress.

2.1.4.2 DESIGN SAFETY FACTOR

Ideally, the design safety factor would be calculated from a knowledge of the randomness of
the design variables and the required reliability and confidence levels. Unfortunately, there
is insufficient understanding of the relationship of the assumed failure criteria to the
complex stress distributions in a joint, and the methods of analysis are not sufficiently
accurate. At present, a safety factor is established largely on the basis of engineering
judgement combined with experience. As an example, if the motor specification requires an
overall safety factor of 1.25, the joint is designed to a safety factor of 1.5.

2.1.4.3 FLEXIBLE-JOINT LOADS

All flexible-joint loads used in the flexible-joint structural analysis (sec. 2.1.5) are design
loads as defined above. The loads on the flexible joint are those that result from

® Motor pressure

® Vectoring

® Vehicle accelerations during flight
® Handling and storage conditions

The motor pressure acts as a crushing pressure and also causes an axial compression on the
joint. Significant tensile and compressive hoop stresses are developed in the reinforcement
rings. In general, the compressive hoop stress in the reinforcements is more critical than the
tensile stresses.

Vectoring of the joint increases the reinforcement hoop stresses on one side of the joint and
reduces these stresses on the other. Shear stresses induced in the elastomer rings increase
with motor pressure. Vectoring rate affects the elastomer shear stresses since the shear
modulus is dependent on strain rate. B

As a result of vehicle accelerations during launch, flight, or staging the mass of the movable
section of the nozzle imposes loads on the joint. These loads can cause all the stresses

47



‘induced by motor pressure or vectoring and, in addition, can cause an axial tensile load on
the joint. Usually the stresses due to vehicle accelerations are not critical conditions.

Handling and storage conditions cause all the stresses induced by the previous conditions.
During handling and storage care is taken that no axial tensile loads are imposed on the
joint, since such loads can cause debonding of the elastomer from the reinforcement.

- 2.1.5 Structural Analysis

The structural analysis consists of the determination of the elastomer thickneéss, the
reinforcement thickness, and the finite-element analysis. All structural analyses consist of
two parts: a stress analysis to determine internal stresses, and a strength analysis comparing
internal stresses to allowable stresses.

2.1.5.1 ELASTOMER THICKNESS

The stresses in the elastomer are caused by vectoring and motor pressure. The shear stress
due to vectoring is approximately constant in the elastomer and depends on the total
thickness of elastomer (i.e., number of elastomer rings x thickness of each layer) and not the
thickness of each ring. The induced stress due to vectoring is dependent on the joint spring
torque, decreasing as the joint spring torque is reduced. The shear stress due to vectoring is
given by the expression (ref. 23)

_0.01745G, R, 6
nte

(6)

Ty

where
7, = shear stress due to vectoring, psi (N/m?)
and, as before (eq.(1)),

G, = secant shear modulus at 50 psi (0.345MN/m?) éhear stress (sec. 2.1.7.1),
psi (N/m?), at the elastomer temperatures expected in operation.

Rp = pivot radius, in. (cm)
6 = vector angle, deg® —
n = number of elastomer layers

te = thjckﬁess of individual elastomer layer, in. (cm)

%
Angle O is expressed numerically in degrees, not radians, in this empirical expression.
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The shear stress due to pressure is dependent upon the thickness of each elastomer layer and
is given by the expression (ref. 79)

rp = BEKeRy” ™
17.5
where
Tp = shear stress due to pressure, psi (N/m?)
P, = motor pressure, psi (N/m?)
K. = correction factor for elastomer stress, depending upon cone angle.

Calculated results have shown that the shear stress increases as the cone angle increases (ref.

17). The correction factor K, has been derived from the results of reference 17 and is shown
in figure 18.

Correction factor K

1 ] ] | j
0 10 20 30 40 50

Cone angle ¢ , deg

Figure 18. - Shear-stress correction factors related to cone angle (ref. 17).
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The resultant shear stress 7, in the elastomer is the sum of the stresses due to vectoring and
pressure, i.e.,

Ty = Ty + Tp (8)
The resultant stress is compared with the allowable shear stress.

The allowable shear stress has been considered to be the minimum measured shear stress
from a quadruple-lap shear specimen (sec. 2.1,7.1). All successful joints designed to date
have ignored the increase in failure shear stress due to superimposed pressure. The state of
stress in an elastomer is a complex three-dimensional field, and the associated failure
criterion is not known. Until the failure criterion is known, it is not known whether ignoring
the increase in failure shear stress due to pressure is conservative.

.

The following procedure is used to determine the elastomer thickness:

(1) Calculate the net radial thickness of elastomer required for spring torque (sec.
2.1.2.1.1).

(2) Calculate the shear stress due to vectoring 7, .

(3) Calculate the shear stress due to the maximum expected operating pressure 7p for
various elastomer layer thicknesses.

(4) Calculate the net shear stress 7, at various elastomer layer thicknesses.

(5) Determine the design ultimate shear stress: 7,, = 7 X design safety factor

(6) Plot the design ultimate shear stress as a function of elastomer layer thickness and
compare it with the allowable shear stress to determine the maximum allowable
elastomer layer thickness.

If axial compression is a design parameter, the axial deflection is calculated by
finite-element methods, using the calculated thickness, and compared with the
requirements. The elastomer thickness may be reduced if the axial compression exceeds
requirements, but the net radial thickness is maintained in order to satisfy spring torque
requirements. The effect of reducing the thickness is to reduce the net shear stress and the
axial deflection, increase the number of elastomer layers, and affect the compressive failure
mode of the reinforcements.

2.1.5.2 REINFORCEMENT THICKNESS

The stresses in the reinforcements are caused by motor pressure and vectoring. For both of
these loading conditions, each reinforcement cross section rotates but does not significantly
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change shape. Such rotation causes a bending stress distribution radially across the
reinforcement with tension at the outer radius and compression on the inner radius. The
compressive stress on the ‘inner radius has always been greater than the tensile stress on the
outer surface, so that it is bnly necessary to determine the compressive stress (refs. 17, 22,
13, 14, 24, 27 to 29, 101, and 102). For motors that will be operated a number of times,
fatigue charactetistics and fracture mechanics are considerations that make the tensile
stresses of equal concern.

The compressive hoo\p\ stress due to pressure depends on the number and dimensions of the
reinforcements (ref. 79):

4087 P :
op = — K, Q (%)
n—1
where
op = compressive hoop stress due to pressure, psi (N/m?)
K; = correction factor for reinforcement stress, the value depending on the
cone angle (ref. 17). The correction factor K, ‘has been derived from
the results of reference 17 and is shown in figure 18.
n = number of elastomer layers determined as described in section 2.1.5.1.
q - Rp,%* cos 8
3283 t,3 + t, cos? § {R,,2 (B, — B1)? —32831t,2 }
t, = thickness of reinforcement in joint, in. (cm)
B, 8., B, = joint angles (fig. 12), deg*

The compressive hoop stress due to vectoring oy is given by (ref. 79)

439500

K, @ (10)
n—1

v

Equations (9) and (10) are empirical relationships derived from results of tests of joints that
varied in diameter from 8 in. (20.3 cm) to 22 in. (55.9 c¢m). Corresponding empirical
relationships have not been developed for tensile stresses. When the cone angle is large, the

£
B, Bl, and 3, are expressed numerically in degrees, not radians, in equation (9) and (10).
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tensile stresses are only slightly less than the compressive stresses, but as the cone angle
becomes smaller, the tensile stress diminishes until the reinforcement is in a completely
compressive state (ref. 17).

The resultant hoop compressive stress o, in the reinforcement is the sum of the compressive
stresses due to vectoring and pressure, i.e.,

Or = 0, + 0y an
The net stress o, is compared with the allowable compressive stress.

Failure modes for steel reinforcements are buckling in high-frequency circumferential waves
and bulk compression. The failure mode for composite reinforcements fabricated with hoop
windings only is rupture across the reinforcement thickness. The failure modes for
reinforcements fabricated with mats and continuous windings are interlaminar shear and
bulk compression.

The allowable compressive stress for metal reinforcements depends upon the failure mode
(buckling or bulk compression) and consequently is a function of the reinforcement
material modulus of elasticity, reinforcement dimensions, and the thickness of the elastomer
layers. The buckling stress for metal reinforcements has been established from a test
program conducted on specimens representing the inside surface of a joint. The
reinforcements were slightly curved across the width, and the column was long enough so
that edge effects were negligible. The ratio of reinforcement thickness to elastomer
thickness was varied, and different reinforcement materials were used: 301 CRES half-hard
stainless steel, 304 CRES annealed stainless steel, 17-7PH CRES annealed stainless steel,
6061-T6 aluminum, and 7075-T6 aluminum. Results of the tests correlated with
reinforcement material properties and dimensions are shown in figure 19. The bulk
compression stress has been established as the compressive yield stress (ref. 17). Tests were
conducted on two joints with stainless steel reinforcements; the joints were identical except
that the steel was heat treated to different yield compression stress levels. The failure
pressures for the joints were different, and the stress in the failed reinforcement of each
joint, calculated by finite-element methods, was approximately equal to the compressive
yield stresses for the reinforcement materials.

The allowable compressive stress for composite reinforcements is often established from
test joints with composite reinforcements that approximate the desired joint design.

The following procedure is used to determine the reinforcement thickness:

(1) Determine the number of elastomer layers (sec. 2.1.5.1).

(2) Calculate the compressive hoop stress due to pressure (op) for wvarious
reinforcement thicknesses (eq. (9)).
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- (3) Calculate the compressive hoop stress due to vectoring (o,) for various
reinforcement thicknesses (eq. (10)).

(4) Calculate the net compressive hoop stress (o,) for various reinforcement
thicknesses (eq. (11)). ‘

(5) Determine the desi_gn ultimate compressive hoop stress for various reinforcement
- thicknesses: ¢, = ¢ X design safety factor

(6) Determine the buckling compressive stress for various reinforcement thicknésses
up to the reinforcement material compressive yield stress.

(7) Plot the design ultimate compressive hoop stress and the buckling stress as a
function of reinforcement thickness. The intersection of these plots is the
minimum allowable reinforcement thickness.

It has been the practice to make the reinforcements thick enough to ensure that the failure
mode will be bulk compression. However, this approach probably results in over-strength
reinforcements.

2.1.5.3 ADVANCED ANALYSIS

Analysis by finite-element methods (refs. 80 to 82) allows structures to be analyzed as an
assembly, whereas the method employed in sections 2.1.5.1 and 2.1.5.2 analyzes the
structural elements forming the assembly. Results from the finite-element method present a
complete description of the stress, strain, and deformation distribution in an assembly.
Within the limitations of the assumptions in the method, calculated results have shown good
agreement with test results.

The limitations of the finite-element method are that (1) it is basically small-deflection
theory modified to account for large-deformation effects; (2) material properties are elastic
properties, although refinements have been introduced (ref. 103) to include nonlinear
properties; and (3) for continuum structures such as a flexible joint, the structure must be
axisymmetric during loading. Each of these limitations affect the analysis of a flexible joint.
“The strains in the elastomer are large strains; the elastomer material properties are not elastic
but depend upon the local stresses in the elastomer; and, although motor pressure imposes
an axisymmetric loading condition, vectoring is an asymmetric condition.

For the motor pressure condition, good correlation with axial deflection and reinforcement

hoop strains has been obtained with the use of an incremental loading and deformation
technique (ref. 80). A load is applied to the initial geometry; the stress and strain
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distribution for that load are determined, and the shape for the next increment is
established by algebraically adding the deflections to, the initial geometry. The final
deflected shape is determined when the last load increment is applied; the final stress and
strain distributions are obtained by summing the stresses and strains for each load
increment. In general in this analysis four load increments give a reasonable correlation with
test results. Although the shear modulus of the elastomer is dependent upon the local
stresses, a constant secant shear modulus at 50 psi (0.345 MN/m?) shear stress (sec. 2.1.7.1)
is used for all loading increments. Other required properties are calculated on the
assumption that the material is isotropic and has a value for Poisson’s ratio as close to 0.5 as
the computer can accept. Efforts to use an effective shear modulus (sec. 2.1.5.1) have been
unsuccessful.

For the vectoring condition, the joint cross section changes, extending on one side and
compressing on the other. An analysis technique similar to that for the motor pressure is
used. Components of the actuator load are applied to the moving surface of the joint as a
uniformly distributed axial loading, sinusoidally distributed shear loading, and a linearly
varying bending distribution across the joint diameter. An increment of loading is applied as
before to determine the geometry for the next increment. The stresses on one side will add
to the stresses due to motor pressure and subtract on the other. Only the geometry for:that
side where the vectoring stresses add is used in the next increment. The geometry for that
side is assumed to be axisymmctric, and the loads are applied incrementally. Final geometry
and stress distribution are determined as described in the preceding paragraph; material
properties as previously described are used.

Net stresses due to -motor pressure and vectoring are obtained by algebraically adding the
stresses due to each load condition. The strength analysis for the elastomer is conducted by
comparing the maximum principal shear stress to the minimum measured shear stress
measured from a quadruple-lap shear (QLS) specimen (sec. 2.1.7.1). The strength analysis
for the reinforcements compares the maximum compressive hoop stress on the inner radius
to the allowable compressive stress (sec. 2.1.5.2).

2.1.6 Manufacture

- The sequence of steps for fabrication of a flexible joint involves manufacture of the
reinforcements, development of the adhesive system between the reinforcement :and-the
elastomer, and molding of the joint.

2.1.6.1 REINFORCEMENTS

The joint reinforcements have been fabricated by a number of methods; dimensional details,
reinforcement material, and fabrication method are summarized in table VII.
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Steel reinforcements. — Hydroformed reinforcements for the 100-in. (2.54 m) motor have
been formed by mounting an annealed circular plate in a pressurizing fixture (ref. 17). When
pressure was applied to the plate, it expanded into an ellipsoidal shape. The reinforcement
was then machined from the expanded plate and heat treated to the required properties.
The spherical radius for each reinforcement in a joint was controlled by varying the height
to which the plate was expanded.

The reinforcements for the 156-in. (3.96 m) motor (ref. 23) were formed by spinning. To
reduce costs, all the reinforcements were spun from a standard conical preform, welded
from three standard patterns that were cut from only one standard template. After welding,
the conical preforms were stress relieved and pressed onto a mandrel in a horizontal shear
spinning machine. Spinning was conducted in each direction from the center. The center of
the reinforcement received the least amount of cold working and remained the thickest
section. After spinning was completed, the reinforcement inner and outer diameters were
finish machined. Reinforcement thickness was controlled by measuring the thickness of the
conical preform prior to installation on the mandrel, and estimating the amount of thinning
required. Thinning was accomplished by belt sanding for a predetermined time after the
reinforcement was formed. This method assured that each reinforcement received the same
amount of cold working by shear spinning and resulted in a uniform strength level for each
reinforcement.

In the 260-in. (6.6 m) motor (ref. 22), although the reinforcements were 0.7 in. (17.8 mm)
thick, the large diameter resulted in flexible sections. The reinforcements were not spherical
sections as in all previous joints but were conical sections. Since the joint envelope was
cylindrical, each reinforcement was identical and only a single set of tooling was required
for all reinforcements. This design resulted in cost savings in comparison with a joint with
spherical reinforcements of progressively increasing radii. The reinforcements were
machined from roll ring forgings. Any distortion occurring in the finished reinforcements
either due to machining or handling was easily corrected in the joint mold as a result of the
flexibility of the large-diameter reinforcements.

Reinforcements for the Poseidon motors were fabricated by stamping washer-shaped disks
into the required section; this process required a die for each reinforcement. At stamping,
the steel was in a normalized condition. After stamping, the reinforcements were rough
machined, heat treated to the required properties, and then final machined. This method
results in distortion of the reinforcements, but this distortion has little effect on joint
performance if each individual reinforcement is aligned in the joint molding fixture (sec.
2.1.6.3). The thinner reinforcements formed by hydroforming, spinning, or explosive
forming have not exhibited this distortion.

The reinforcements for the dual-chamber motor were explosively formed from a circular

blank of material. The blank was clamped over a die that had the required contour of the
reinforcement, making it necessary to have a die for each reinforcement in the joint. Due to
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forming, the thickness of the reinforcement was 4 percent to 5 percent less than the blank
thickness. The reinforcement was final machined from the formed section.

The reinforcements for the NAVORD TMC/TVC joint (refs. 13 and 14) were machined
from plate material. Only a few joints were to be fabricated, and this method eliminated the
need for expensive tooling. The plate material was in a normalized condition and the
reinforcements were rough machined. After machining, the reinforcements were heat
treated and finish machined.

Composite reinforcements. — Early composite reinforcements were fabricated with S-901
12-end roving glass filaments with an epoxy resin (ref. 28). The reinforcement cross section
was formed by hoop winding between two plates. This system resulted in insufficient
transverse strength and was modified by overlaying the hoop-wound core with S34/901 glass
cloth. A better method of forming these reinforcements was to “B-stage’ (partially
polymerize) the hoop-wound core, lay up the cloth on the faces of the core, replace in a
mold, and cure under pressure (ref. 28). In this procedure, the ERR-4205 resin system was
used because this sytem could be hardened, reliquified, and final cured. The same technique
and materials were used to fabricate composite reinforcements for an experimental
second-stage Poseidon C3 joint (ref. 27).

In the engineering development program, for the second stage of Trident 1 (C4) the joint
reinforcements were fabricated from S-904 glass-fiber broadgoods and carbon-fiber
broadgoods, each preimpregnated with phenolic resin (ref. 25). In the motor development
program, however, to overcome structural problems, the S-904 glass-fiber broadgoods were
preimpregnated with epoxy resin. The two types of broadgoods were sewn together, cut
into specific patterns, assembled in a matched metal mold, and cured at 325° F (436 K).
The glass broadgoods formed the reinforcement, and the carbon broadgoods formed the
joint thermal protection. Each reinforcement had a different spherical radius, requiring a
different mold for each reinforcement.

To reduce the cost and complexity of composite reinforcement fabrication, reinforcements
for the NAVORD IRR joint were made from chopped S-glass/phenolic-resin compound
molded in closed-die compression molds (ref. 24). The reinforcement molding integrally
included the joint thermal protection. These reinforcements demonstrated the feasilibity of
this method of fabrication.

2.1.6.2 JOINT ADHESIVE SYSTEM

The joint adhesive system may be formed during the molding process for joints fabricated
by compression or injection molding, or it may be obtained by secondary bonding, as in the
260-in. (6.6 m) motor joint (ref. 22).
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Rubber-to-metal adhesive bonds are sensitive to small process changes. In a flexible joint,
high stresses are imposed on these bonds, and the bulk of the fabrication problems involve
the adhesive system. To ensure increased reliability, the adhesive system is required to
develop a bond strength greater than the elastomer strength, so that failures are cohesive
failures. Systems designed to satisfy this requirement have consisted of a primer and an
adhesive (sec. 2.1.3.3). ‘

The strength of the bonds in this kind of system has been affected by bond layer thickness.
When the bond layer was too thick and an injection molding process was used to fabricate
the joint, the flowing rubber wiped the adhesive system off the reinforcement, the result
being unacceptable unbonded conditions. When a compression molding process was used,
the unbonding problem was not as acute but unbonding did occur. When the bond layer was
too thin, the resulting bond strength was below acceptable levels, and adhesive failures
occurred. During bench testing of joints (sec. 2.1.7.2), failures that were attributed to too
thin a bond layer have occurred.

Failures have also occurred in the adhesive bond when the adhesive layer thickness was as
required. These failures resulted from lot-to-lot variations in the adhesive system materials.
For example, peel test specimens failed at values varying from 3 Ibf per linear inch (5.25
N/cm) to 35 Ibf per linear inch (61.25 N/cm).

A satisfactory adhesive system has been obtained by controlling the thickness of the
adhesive layer, requiring acceptance tests of each lot of material to be used in joint
fabrication, and maintaining close liaison with the adhesive suppliers. Thickness control has
been obtained by monitoring the viscosity of the primer and adhesive, the rate at which
these materials are sprayed on the reinforcements, and the time for spraying. The material
lots to be used have been selected by conducting quadruple-lap shear tests (sec. 2.1.7.1) and
peel tests, all lots that do not have sufficient strength being rejected.

2.1.6.3 FLEXIBLE JOINT

Flexible joints have been fabricated by three different methods: compression or layup
molding (refs. 17, 23, 25, and 27), injection or transfer molding (refs. 13, 14, 24, 28 and
29), or secondary bonding of precured elastomer (ref. 22). A summary of the advantages
and disadvantages of these methods is presented in table VIII.

The compression technique involves physically placing strips of partially cured eiastomer
between the reinforcements as the joint is assembled in the mold. The resulting assembly of
parts is then compressed by closing the mold and providing molding pressure. During
compression, the thickness of the elastomer layers has been controlled by inserting steel
balls between the reinforcements. In early joints, the balls were positioned at the center of
the reinforcements. As the joint was vectored, the balls gouged the reinforcement and cut
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holes in the elastomer. In later joints where the width of the reinforcements was greater
than that of the elastomer, the balls were positioned at the inner and outer edges of the
joint and were removed after molding.

The injection molding technique consists simply of stacking the reinforcements in a mold
that holds them in position and then injecting rubber from a reservoir into the gaps between
the reinforcements.

The molding method selected depends on the preference of the fabricator; both techniques
have been used for the same joint design and produced similar results. Major problems that
occurred have been common to compression molding and injection molding. The three
major problems have been porosity in the elastomer, variation in the thickness of each
elastomer ring, and variation in the thickness between elastomer rings. Porosity in the
elastomer occurred because the elastomer could flow .easily out of the mold or into large
voids in the mold. This problem was eliminated by designing a mold without voids and
minimizing clearances between metal parts to avoid elastomer expansion out of the mold.
Variation in the thickness of elastomer rings has been due to a number of causes. Excessive
clearances in the mold to accommodate parts with excessive tolerances has caused thickness
variations. Thickness variations have also occurred because of movement and deflection of
the joint under the high pressures of molding. Tolerance problems are avoided if the pad
thickness is controlled directly by the two metal surfaces involved; this procedure minimizes
the number of tolerances involved in a worst-on-worst situation. The deflection of parts can
be reduced only by stiffening the parts, but stiffening may be impossible because of design
specifications. In such a situation, the deflection must be tolerated and allowed for.
Movement of the parts in the mold, however, has been controlled by indexing parts from
surfaces that are self-centering, i.e., conical or spherical surfaces. To avoid thickness
variations in an elastomer layer for a joint with thick reinforcements, the reinforcements are
inspected for flatness and spherical radius variations and are aligned in the mold to give
uniform elastomer layer thickness.

The secondary bonding technique has had limited application. It was used on a large joint
because of a lack of sufficiently large facilities to cure at high temperature and because it
was cheaper (ref. 22). As each reinforcement was laid in the mold, the elastomer was
bonded to the reinforcement. Care was taken during the layup of the reinforcements to
ensure correct alignment. An ambient cure adhesive was used (sec. 2.1.3.3) and the joint was
loaded at 5 psi (0.0345 MN/m?) axial pressure by mechanical actuators during cure. The
axial pressure was used to ensure good adherence between the elastomer and metal
components.

Two important diagnostic aids exist in joint manufacture. These aids have assisted in the
discovery of manufacturing problems and the determination of the effectiveness of
corrective actions. The first diagnostic aid is molding of a joint without applying the
adhesive system to the metal parts; with this exception, the molding process is carried out
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normally. After molding, the rubber is easily removed from between the metal parts and
examined for thickness and porosity. The second aid is simply the dissection of a normal,
production joint by cutting through the rubber between metal parts; the resulting pieces
reveal any areas where the rubber-to-metal bond was unsatisfactory. This technique also
shows porosity and general condition of the rubber.

2.1.7 Testing

The flexible-joint test program is conducted to determine elastomer material characteristics,
joint spring stiffnesses, nozzle operating characteristics, and nozzle failure strengths so that
compliance with motor requirements is demonstrated. If new elastomeric materials are to be
considered, a material characterization program is conducted (sec. 2.1.3). The test program
consists of subscale testing, joint bench testing, nozzle actuation testing, static firing testing,
joint aging testing, frequency-response testing, and destructive testing.

2.1.7.1 SUBSCALE TEST PROGRAM

The subscale test program is conducted to measure mechanical properties of the elastomer
and of the bond between elastomer and reinforcement and to evaluate aging characteristics
of the elastomer. In the preparation of test specimens, the surfaces of the test plates must be
prepared in the same manner as the surfaces of the reinforcements in the joint; if possible,
the test specimen is fabricated in the manner used for manufacture of the joint.

The most important properties of the elastomer used in the flexible joint are the shear
modulus, the shear stress at failure, and the bond strength of the elastomer to the metal
reinforcements. These properties are measured over the range of temperature in the
elastomer expected during operation, with the quadruple-lap shear (QLS) specimen (fig. 20).
The properties are defined in terms of the test as follows:

50 psi (0.345 MN/m?) shear stress

" Shear modulﬁs G : :
° shear strain at 50 psi (0.345 MN/m?) shear stress

applied load
2 X length X width of pad

Shear stress 7 =

increase in crosshead separation

Shear strain vy =
2 X thickness of pad
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Figure 20. - Quadruple-lap shear test specimen.

Even though the elastomer in a joint is subjected to compression and shear if vectored at
sufficient motor pressure, and to tension and shear if vectored at zero motor pressure, the
properties have been determined only for applied shear loads. To improve the understanding
of the physical characteristics of flexible joints (the reduction in actuation torque with
pressure, overall joint instability, and nonlinearity of axial compression), limited efforts to
determine elastomer shear properties when subjected to superimposed compression and
tension have been conducted (refs. 22 and 78).

The shear modulus controls the joint spring torque, axial deflection, and pivot-point
movement. The stress-strain response is nonlinear, but most analyses assume linearity at a
reference secant shear modulus at 50 psi (0.345 MN/m?) shear stress; this value is also used
for quality control. The elastomer varies from lot to lot, and close quality control is
necessary to ensure a modulus acceptance range of 10 psi (0.069 MN/m?). In a production
program, the testing of each lot can indicate a relaxation of manufacturing quality control
or a change in the manufacturing process. The QLS is used as a quality control tool as well
as a means to qualify new elastomers and new adhesive systems.

If the aging characteristics of the elastomer are not known, a subscale test program is
initiated early in the program. This program includes testing not only the aging
characteristics of the cured elastomer but also the effect of aging of the uncured elastomer
on the resulting cured elastomer. When such effects are not determined and controlled early
in a program, the results of joint tests are subject to misinterpretation.
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In evaluating the aging of uncured elastomer, the uncured elastomer is stored in the usual
material storage environment and, at intervals, test specimens are prepared and cured. Tests
are conducted, and the shelf life of the uncured elastomer is determined from the results.
The selected shelf life is the time during which no change occurs in the secant shear modulus
of the cured elastomer.

To evaluate aging characteristics of cured material, cured elastomer from several lots is
stored in the motor environment and, at intervals, a subscale test program conducted. The
elastomer properties are plotted against time, and the results are extrapolated to predict
service life of the elastomer. Properties obtained at zero time provide a basis for comparisoﬁ.
Service life testing is conducted at monthly intervals up to 6 months and annually
thereafter. Results have shown that natural-rubber formulations increase in secant shear
modulus up to 3% years and then remain constant.

When a joint is injection molded, the test specimen cannot be fabricated in similar fashion;
therefore the measured elastomer aging characteristics may differ from those of the
elastomer in the full-scale joint. The aging characteristics of injection-molded joints usually
are assessed by testing full-scale joints.

2.1.7.2 BENCH TEST PROGRAM

The joint bench test program is conducted to determine axial compression due to pressure,
spring torque, offset torque, sealing capability of the joint, and the location of the effective
pivot point; to verify calculations; and to demonstrate structural integrity of the joint. Thus
data must be obtained as early as possible in a program to confirm clearance envelopes in
the nozzle design. When a program is in the production phase, the bench test program is
continued for quality control.

The axial compression is required to determine the axial spring stiffness and to check
clearance envelopes. The bench testing is conducted at the same pressure and axial load as
the joint is expected to transmit during actual motor operation. This condition requires a
special test fixture, as shown in figure 21, that contains provisions for adjusting the axial
load on the joint. An unloading piston is used for this purpose. The unloading piston is sized
such that the net axial load on the joint at pressure while undergoing test is equal to the
load that will be imposed on the joint during actual motor operation. The net gas-pressure
load acting on the joint during motor operation is calculated as described in section 2.1.2.3.
During the development tests, hoop strains at the edges of the reinforcements as well as the
axial compression are measured. These data are of value in checking the validity of the
analyses.

The quality of joints in a production program varies considerably from joint to joint. In one
program, to eliminate possible low-quality joints and ensure the reliability of the motor, a
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Figure 21. - Special fixture for testing joint axial deflection.

stringent tensile-pressure leak test was imposed. This test was an axial tensile test conducted
after the axial compression and vectoring tests. The joint was sealed with end plates and
pressurized internally, the pressure causing axial extension. The test fixture limited the
extension of the joint, but pressure was still applied at maximum extension to check for any
leakage. In the motor program, leaky joints were rejected after this test but, for those joints
successfully passing th1S/te/st no failures attributed to joint failure occurred in the motors
tested.

//

A typical Jomt/test arrangement is shown in flgure 22. One end of the joint.is sealed into the
test bucket and the other end is sealed into a flat-plate closure that is connected to an
actuator arm. In this type of test, however, at test pressure more axial load is applied to the
joint than occurs in a motor. Therefore, joints are tested only up to a pressure simulating
the maximum axial load that will be applied to a joint in the motor. Consequently, the test
“pressure is less than the motor pressure. The reduced pressure affects the position of the
effective pivot point. Attempts to design an unloading-piston test arrangement that vectors
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with the joint have been unsuccessful, because the test arrangement must not control the
pivot point but must allow the joint to vector freely about its effective pivot point.

Proper location of the test actuator is important. It should be positioned in the test with
respect to the joint as it will in the motor. Although